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Spectrally resolved scattering of ultra-short pulse laser-generated K-! x rays has been applied to measure the heating and 

compression of shocked solid-density lithium hydride.  Two shocks launched by a nanosecond laser pulse coalesce yielding 
pressures of 400 gigapascals.  The evolution of the intensity of the elastic (Rayleigh) scattering component indicates rapid heating 
to temperatures of 25,000˚K on a 100 ps time scale.  At shock coalescence, the scattering spectra show the collective plasmon 
oscillations indicating the transition to the dense metallic plasma state.  The plasmon frequency determines the material 
compression, which is found to be a factor of three thereby reaching conditions in the laboratory important for studying 
astrophysics phenomena. 

 
Shock wave heating is a key technique to 

produce matter at extreme conditions in the 
laboratory where the physics of planetary 
formation (1) and modeling of planetary 
composition (2) can be tested. Contemporary 
experiments are designed to determine the 
equation of state (EOS) of light elements (3-

5) or measure effects of shock waves on 
matter, for example to investigate effects by 
solar nebula shocks (6).  In addition, the 
inertial confinement approach to controlled 
nuclear fusion (7), employs a deuterium-
tritium filled capsule that will be compressed 
to 1000 times solid density and heated to 
temperatures larger than the interior of the 
sun using a sequence of coalescing shock 
waves. 

Previous shock wave experiments have 
been restricted to measuring particle and 
shock velocities (4).  The experiments 
reported here have directly measured the 
thermodynamic properties and dynamic 
structure factors of shocked matter.  These 
novel experiments have only now become 
possible with the advent of penetrating 
powerful x-ray probes (8) produced by high-
energy (300 J) petawatt-class ultra-short 
pulse lasers.  This work provides the first 
experimental validation of modeling of 
compression and heating of shocked matter 
with an unprecedented temporal resolution of 
approximately 10 ps.  These measurements 
are important since calculating the conditions 
of shocked matter requires knowledge of the 
equation of state (EOS), that in turn require 
many body physics solutions.  

In this study, we have shock-compressed 
lithium-hydride, LiH, with an energetic 
nanosecond laser and have measured the 
conditions with spectrally-resolved x-ray 
Thomson scattering (9-11).   These pump-
probe experiments show that efficient 
compression and heating occurs at 
temperature and density conditions 
previously not accessible to quantitative in 

situ characterization.  The experimental data 
show a factor of three compression with 
concomitant heating to T = 25,000˚K = 2.2 
eV in broad agreement with radiation-
hydrodynamic modeling.  While the range of 
temperature traversed in phase space by 
shock compression agree with calculations 
that use a quotidian (12) equation-of state 
(QEOS), calculations with the Sesame (13) 
EOS tables provide a better match of the 
coalescence time. 

Figure 1 (a) shows the schematic of the 
experiment together with a data record from 
the x-ray spectrometer.  A 400-J laser beam 
from the Titan laser facility at the Lawrence 
Livermore National Laboratory (14) 
irradiates 300 µm thick LiH (initial density of 
"0 = 0.78 g/cc).  The laser pulse was shaped 
in time (Fig. 1 (b)) having a 4 ns-long foot 
with laser intensity of 1013 W/cm2 followed 
by a 2 ns-long peak at 3x1013 W/cm2.  Figure 
1 (c) shows a result of radiation-
hydrodynamic simulations (15) indicating 
that two shock waves have been launched 
into the target that coalesce and compress the 
target to 2.2 g/cc about 7 ns after the 
beginning of the laser drive.   

An ultra-short pulse laser delayed from the 
nanosecond laser illuminates a titanium foil 
producing a 10 ps-long K-! x-ray pulse (16) 
at an x-ray energy of E0 = 4.51 keV that 
penetrate through the dense compressed LiH.  
By varying the delay between the nanosecond 
heater beam and the short pulse probe beam, 
conditions before and during shock 
coalescence are probed.  The short pulse laser 
energy of 300 J is converted to Ti K-! with 
an efficiency of 5 x 10-5 providing 1012 x-ray 
photons on target sufficient for measurements 
of elastic and inelastic scattering components 
in a single shot.  The spectrometer consists of 
a large 25x70 mm2 curved graphite (HOPG) 
crystal (17) in van Hamos geometry (18) and 
in the mosaic focusing mode (9) that diffracts 
the signal for scattering angles in the range of 

# = 40˚±10° onto an Imaging Plate (IP) 
detector. 

The data record at shock coalescence 
shows features in the scattering spectrum due 
to interactions with the delocalized, i.e. 
metallic, and bound electrons; the former 
undergo plasma (Langmuir wave) (19) 

oscillations at the plasma frequency that give 
rise to the inelastic plasmon scattering feature 
(11) while the latter give rise to elastic 
Rayleigh scattering (9).   

The plasmon feature is downshifted from 
the incident 4.51 keV x rays as determined by 
the Bohm Gross dispersion relation (20) with 
the leading term being the plasma frequency, 
$p = (nee

2/%ome)
1/2.  Here, ne is the electron 

density, %o the permittivity of free space, e 
and me the electron charge and mass, 
respectively. Thermal corrections due to the 
propagation of the oscillations are small, 
while quantum diffraction is calculated from 
the Compton energy, EC = (h/2&)2 k2/2me = 
9.3 eV.  Here, h is Planck’s constant and the 
scattering vector k that determines the scale 
length of electron density fluctuations 
depends only on the probe energy and 
scattering angle, k = 4& (E0/hc) sin(#/2) = 1.6 
Å-1. Thus, the downshift of the plasmon 
provides the electron density. 

The strongly bound K-shell electrons of Li 
and H that interact with x-ray photons are not 
excited by the scattering process as their 
ionization potential is less than the Compton 
energy, therefore resulting in elastic 
scattering events.  The intensity is sensitive to 
the number of strongly bound electrons and 
the ion-ion structure factor; the latter is 
sensitive to the ion temperature. Hence, the 
temperature can be inferred from the elastic 
scattering strength. 

Figure 2 shows the experimental scattering 
spectrum at shock coalescence at t = 7 ns and 
at t = 4 ns exactly before the second strong 
shock wave has been launched.  These 
spectra are fit with calculated scattering 



 2 

profiles using the theoretical dynamic form 
factor of Gregori (21).  Also shown is a 
spectral profile of the Ti K-! source 
measured with the same spectrometer.  In 
addition to the short probe pulse duration 
required to time-resolve the shock wave 
coalescence, this x-ray source exhibits no 
spectral features on the red wing of the K-! 
doublet allowing accurate observations of 
inelastic scattering on plasmons.   

The scattering signal at t = 4 ns shows 
only elastic scattering indicating a lack of 
free electrons. The theoretical fit that takes 
into account contributions from bound and 
fee electron limits the degree of ionization to 
Z* < 0.1.  However, the intensity of the 
elastic scattering peak alone has increased by 
40%±10% compared to scattering from cold 
samples indicating a temperature of 0.2 eV. 

In contrast, when the shock waves 
coalesce at t = 7 ns, strong plasmon 
oscillations give rise to inelastic scattering 
downshifted from the elastic peak by 'Epl = 
25 eV.  In this case, the material is ionized 
with Z*=1 for Li(+)H.  The elastic scattering 
signal has increased by 100%±10% 
compared to scattering from cold samples 
indicating temperatures of 2.2 eV.  

For the degenerate systems encountered 
here, the plasma screening length, (S, at 
which local electric fields are shielded by 
mobile charge carriers, is approaching the 
Thomas-Fermi length, resulting in (S

 = 0.57 
Å (21).  Therefore, scattering is collective 
with a scattering parameter (22), ! = 1/k(S = 
1.1 where the scattering scale length is of 
order of the screening length required for 
observations of plasmon oscillations.  

The plasmon shift determined by the 
calculated spectra provides the electron 
density of ne = 1.7x1023/cm3.  This 
calculation includes the thermal corrections 
including degeneracy  and from quantum 
diffraction. The density is obtained with an 
error of 10% due to noise in these single shot 
data. Accurate knowledge of the electron 
density further determines the absolute 
electron-electron structure factor (23).  In the 
long-wavelength limit 

Saa(k) = k2/(k2 + (S
-2)  (1) 

with a= e, i for electron or ions.  With (S for 
a partly degenerate electron fluid, we find 
See(k)  = 0.46. This value combined with the 
measured elastic and inelastic scattering 
amplitude thus determines the absolute ion-
ion structure factor, which yields the ion 
temperature from the ion Debye screening 
length. The spectral calculations and 
parameters of Fig. 2 include multiple-species 
ion-ion structure factors from one-component 
electron-ion interaction potentials (24) that 
have been shown to be consistent with 
previous experiments (11). 

Figure 3 shows the evolution of the 
measured temperature as function of time 

along with the results from radiation-
hydrodynamic calculations.  The strong rise 
at t = 7 ns indicates coalescence of the shock 
waves. The temperature has been inferred 
with an error of 10-20% due to noise. In 
addition, corrections have been included to 
account for partial scattering from 
uncompressed material.  Without this 
correction, the temperatures are about 10% 
higher.   

The experimental temperature data and the 
timing of coalescence are in broad agreement 
with simulation.  The ranges of temperatures 
shown in Fig. 3 are from calculations that 
include various amounts of impurities and 
oxide layers consistent with target 
characterization.  The QEOS being the 
simpler model includes a modified electronic 
Thomas–Fermi statistical model with ion 
thermal motion calculated beyond the 
Grüneisen EOS by including temperature-
dependent corrections to the pressure.  This 
model is consistent with the wide range of 
temperatures accessed in this experiment.   

The Sesame EOS includes atomic 
structure based on solutions of the single 
particle quantum levels in the self-consistent 
field of an atom (25).  The peak temperature 
and the experimentally observed coalescence 
time are in excellent agreement with 
modeling that uses the Sesame EOS.  On the 
other hand, using Sesame results in less 
satisfactory agreement early in time 
indicating that a future comparison with first-

principles statistical models (26) will be of 
interest to understand these weakly shocked 
systems.   

At peak temperature, the calculations 
indicate pressures in the range of P = 300 – 
420 GPa.  With Z* = 1 and the electron 
density from the plasmon data we find a 
density of " = 2.25 g/cc corresponding to 
three times compressed LiH. Further, 
assuming that the shocks coalescence at 
about 120 µm (cf. Fig. 1(c)) provides the fast 
shock velocity, us ~ 30 km/s.  This 
information combined with the Rankine-
Hugoniot equations,  

"/"0 = us/(us – up)   (2) 
P = "0usup   (3) 

and with "0 = 1.5 g/cc after the first shock, 
results in the particle velocity of up = 1/3 us,  
and a pressure in the range of 300 to 400 
GPa.  These pressures agree with the 
radiation-hydrodynamic simulations and are 
consistent with the pressures at which Wang 
(26) predicted the insulator-metal phase 
transition. 

In summary, we have demonstrated the 
capability to measure the temperature and 
density in dense matter during shock 
compression with 10 ps temporal resolution.  
The experiments have shown the transition to 
a metallic plasma state in the solid phase 
resulting in the observation of plasmons.  

This feature has further allowed testing of 
radiation-hydrodynamic calculations with 
different EOS models for shock-compressed 
matter.  This technique is opportune for 
inertial confinement fusion experiments that 
will achieve extreme densities, e.g., on the 
National Ignition Facility (27), which will 
require high temporal resolution for 
characterization of short-lived states of 
compression. 

Finally, the K-! x-ray source employed in 
this study provides the same number of x-ray 
photons on target as projected for future x-
ray free electron laser facilities (28,29). This 
indicates that x-ray Thomson scattering 
experiments on dense matter will soon be 
accessible for high repetition measurements 
of thermodynamic properties with 20-200 fs 
temporal resolution. 
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Fig. 1: (a) Schematic of experimental setup. A short (10 ps), mono-
energetic ("E/E < 0.5%), x-ray probe is generated by ultra short-pulse 
laser irradiation of a titanium foil. The 10

12
 photons emitted from the 

foil interact with matter compressed by the nanosecond-long shaped 
laser pulse. The x-ray Thomson scattering spectrum shows inelastic 
scattering on plasmons and elastic Rayleigh scattering features.  (b) 
The evolution of the shocks is measured at various times by changing 
the delay between the ultra short pulse laser probe and the long-pulse 
pump beam.  (c) Radiation hydrodynamic modeling indicate 
coalescence of the shock waves at t = 7 ns. 
 

 
 
 
 
 
Fig. 2: X-ray scattering spectrum from shocked LiH indicating elastic 
Rayleigh scattering and inelastic plasmon scattering features.  At t= 7 
ns (top), the plasmon energy shift of 25 eV indicates compression of 
3, while the intensity of the elastic scattering shows heating to 
temperatures of 2.2 eV.  Earlier in time only elastic scattering is 
observed (middle) as demonstrated when compared with the K-! 

source spectrum (bottom).  The observation of plasmons at t = 7 ns 
indicates the transition to the metallic free electron plasma in the solid 
phase. 
 

  

Fig. 3: The temperature of the shocked LiH is shown as function of 
time from the x-ray Thomson scattering measurements and from 
radiation-hydrodynamic modeling using different EOS models.  The 
range of temperatures for each model is accounting for LiOH surface 
impurities (lower bounds) to no impurities (upper bounds).  The 
experiments and calculations demonstrate efficient heating by shock 
coalescence with small differences in shock timing resolved by the 
short K-! x-ray pulses. 

 
 

 


